Abstract. The double-stranded RNA genome of reovirus breaks reproducibly into ten segments upon extraction from purified virions. Reovirus-induced messenger RNA's formed in infected cells correspond in length to these ten genomic segments and some real structural and biological implication must be accorded to the ready manner in which the genome is fragmented on attempted isolation. In the present work we have posed the question whether the reovirus genome is a continuous, double-stranded molecule or whether there are discontinuities in the complementary strands of RNA that might constitute "weak points" in the structure. To answer this question, a method was developed to estimate the 3'-terminal nucleosides of RNA within intact virions. Approximately as many 3'-ends are free inside the virion as in RNA extracted from purified virus. Thus, the viral genome exists as a discontinuous structure inside the virus particle and both strands of the duplex are interrupted at intervals.
The reovirus genome is a helical, double-stranded ribonucleic acid with a total molecular weight of approximately 15 X 106 daltons. When this RNA is extracted from purified virus, by even the most gentle means, it breaks reproducibly into ten segments that fall into a trimodal distribution of sizes. '-7 Since no base-sequence homology has been found between the various size classes of isolated double-stranded RNA, the breaks do not occur at random;5-8 the viral genome must have "weak points" at specific intervals along its length. These weak points are known to represent full stops during transcription of the genome in infected cells' 6, 8 and, clearly, they must be special regions in the RNA structure. To get some preliminary information on the nature of the weak points, we have posed the question in the present work whether, in the reovirus virion, the genome consists of continuous or discontinuous complementary strands of RNA.
In principle, the experimental approach depends primarily on specific labeling of the 3'-terminal nucleoside residues of double-stranded RNA by oxidizing them with periodate and reducing the resulting dialdehydes with 3H-labeled borohydride.9' 13 It should be mentioned here that the 3'-ends are not phosphorylated to any extent since denatured RNA is 80-90 per cent hydrolyzed by venom phosphodiesterase (see also the control experiment in a later section of this paper). The resulting 3H-labeled reduction products are analyzed by electrophoresis on polyacrylamide gels, which separates the ten RNA segments into five fractions.
To ensure that no selective loss of the RNA segments occurs during the manipulations, the experiments are performed with 32P-labeled virus. Since the relative amounts of the five classes of this RNA are known,' it is thus possible to monitor their recovery after acrylamide gel analysis. When the oxidation-reduction is carried out on the deproteinized RNA, all ten segments should be 3H labeled at both ends and the five fractions resolved by electrophoresis should be equally labeled with 3H. On the other hand, when the oxidation is carried out on intact virions, only the two extreme ends of the RNA should accept 3H during the subsequent reduction step if the two complementary strands of the genome are continuous. In this event no more than two of the five fractions obtained on electrophoretic analysis of the RNA would contain 3H. Our results show that all five fractions were approximately equally labeled and that the genome is thus a discontinuous structure within the virion.
Materials and Methods. Cells and virus: Cultures of L cells, medium, and reovirus type-3 were used as described previously.5 14 Chemicals: (5-3H) Uridine (25 Ci/mmole), (2-14C) uridine (51.5 mCi/mmole) carrier-free (32p) orthophosphate, and ('H) NaBH4 (150 Ci/mole), were obtained from New England Nuclear Corp., Boston, Mass. Crystalline pancreatic ribonuclease (RNase), spleen phosphodiesterase, and alkaline phosphomonoesterase were from Worthington Biochemical Co., Kalamazoo, Mich.
Buffers: CE buffer contained 0.05 M sodium cacodylate, pH 7.3, 10-3 M sodium ethylenediamine tetracetate (EDTA). TE buffer contained 0.01 M Tris chloride, pH 7.4, 10-3 M EDTA. STE buffer was TE buffer containing NaCl at concentrations indicated by a prefix.
Preparation of 32P-labeled virus: Monolayers of L cells were infected with 100 plaque forming units of reovirus per cell. After 1 hr at room temperature, to permit adsorption of virus, the monolayers were overlain with Eagle's medium containing 0.5 ,Mg/ml of actinomycin D and 2% fetal calf serum. At 5 hr after infection the medium was replaced with Eagle's medium (minus phosphate) containing 0.5% fetal calf serum, 0.5 ,sg/ml actinomycin D, and 50 uCi/ml 32P-phosphoric acid (carrier-free). At approximately 20 hr after infection the cells were scraped from the glass and centrifuged. The virus was obtained from the pellet of cells and purified as described previously.' After the final stage of isopycnic centrifugation in CsCl, the virus fraction was passed through a column of BioGel P-30 ( 10 min to destroy excess periodate. Both samples were adjusted to pH 7.0 with 1 N KOH and NaCl was then added to a final concentration of 0.3 M. The virus suspension was deproteinized as described above and the RNA was precipitated from both solutions with cold ethanol, washed, and dried in a stream of air.
Each specimen was redissolved in 1.0 ml of 0.5 AM potassium phosphate buffer, pH 7.0. It is essential that the RNA be extracted from oxidized virions prior to the reduction with borohydride, otherwise stable RNA to protein links are formed and the RNA cannot be deproteinized without being degraded. PROC. N. A. S.
Reduction of oxidized double-stranded RNA with 3H-sodium borohydride: Reduction of these two oxidized RNA samples was accomplished by the addition of 1.5 mg of solid 3H-labeled sodium borohydride in small quantities over a period of 4 hr in the dark at 0WC. At the end of the reduction period, excess borohydride was decomposed by the addition of 50 ul of glacial acetic acid. A third sample consisting of the nonoxidized RNA was treated in a similar manner. All three preparations were filtered through columns of Sephadex G-25 gel equilibrated with 0.3 M STE containing 7 M urea, and the fractions of 32P excluded by the gel were recovered by precipitation with cold ethanol. Between 50 to 55% of the 32p was finally recovered in the three samples, a good deal of the loss being accounted for by the elimination of the adenine-rich component of viral RNA that was not precipitated by ethanol under the present conditions. These RNA samples were dissolved and analyzed by electrophoresis on columns of 2.5% acrylamide-1% agarose as previously described. ' Results. Labeling of the 3'-terminal ends of double-stranded RNA: Reovirus was labeled with 32p, purified, and RNA was extracted from a portion. Both this extracted RNA and an equivalent portion of intact virus were treated with sodium metaperiodate, and the RNA was then extracted from the treated virions. The two samples of oxidized RNA were reacted with 3H borohydride and then analyzed by electrophoresis on polyacrylamide gels. The results of one such experiment are shown in Figure 1 .
For each peak shown in Figures la and b, the amount of 32p was converted to /,t/moles of the RNA (see footnote to Table 1 ). (Fig. 2(I) ).
A second possible model of the genome can be considered here. In the "nicked-strand" model ( Fig. 2 (II) ), one strand of the RNA duplex is continuous while the other is nicked at nine points and it is supposed that the genome breaks at these nine points on extraction from the virions. Oxidation of such a structure inside the virion followed by 3H-borohydride reduction of the extracted RNA would give a product in which only the left-hand terminal segment is labeled with 3H at both ends. Each of the other nine segments would be 3H labeled at only one of the two potential termini. For these nine segments, the amount of 3H incorporated should be one-half that of the left-hand segment and also onehalf that obtained for all segments of the RNA oxidized and reduced after extraction from virions. Operationally, therefore, the ratios given in column 4 of Table 1 should be two for at least four of the five electrophoretic fractions. In fact, these ratios might be expected to be greater than two: first, oxidation of the viral RNA in situ could be less efficient than that of extracted RNA; second, loss of the dialdehyde residue by ,3-elimination'6 1' may be enhanced inside the virion through interaction with amino groups in the structural proteins. The Oxidation with periodate and reduction with 3H-NaBH4 were carried out on the isolated RNA. The derivatized RNA was purified as described in the text and a one-fifth aliquot analyzed by gel electrophoresis. 0, 'H; 0, 32p. Fraction ds-la contains two segments; 1-b and 1-c are single segments; ds-2a contains two segments; 2b is a single segment; ds-3 contains three segments. experimental ratios in Table 1 , column 4, are much closer to unity than to two and we can conclude that the reovirus genome is not represented by the structure in Figure 2 (II).
Control experiments: To ensure the validity of the end-group labeling technique, six different control experiments were done.
(1) Unoxidized double-stranded RNA was treated with 3H-borohydride and the products were analyzed by gel electrophoresis. No 3H appeared under any of the five peaks. There was, therefore, no nonspecific reduction of this RNA.
(2) Unlabeled double-stranded RNA was oxidized, reduced, and then mixed with the untreated, 32P-labeled RNA, and the mixture was analyzed by gel electrophoresis. The 3H and 32p coincided for all five classes of the RNA resolved, thus demonstrating that the oxidation and reduction steps in no way altered the electrophoretic mobility of these RNA classes.
(3) Only 23 per cent (assuming 2 moles of 3H per mole of available nucleoside)18 of the theoretical number of double-stranded RNA 3'-terminals were labeled during the reduction step and this figure approaches that obtained when similar reactions were carried out on phage MS-2 RNA.-" The suggestions made by Glitz et al."1 for the relatively low efficiency of labeling of 1VS-2 RNA are just as pertinent in the present work. In addition, the efficiency would be low if some 3'-terminals were phosphorylated and therefore not oxidizable. However, 5' 3s5' 3 So 3'
X Fragmented treatment of the RNA with alkaline phosphomonoesterase before oxidation and reduction did not increase the amount of 'H introduced into any of the five peaks (4) Oxidized and reduced double-stranded RNA was dissolved in 0.1 N KOH at room temperature and the kinetics of conversion of the internal 32p and the terminal 'H into an acid-soluble form were followed. Both 3H and 32p were released at the same rate, approximately 25 per cent in 100 minutes. None of the 3H in this RNA was, therefore, in a specially labile (exchangeable) form.
(5) Oxidized and reduced double-stranded RNA was denatured with dimethylsulfoxide5 and digested with spleen phosphodiesterase. The kinetics of release of terminal 3H and internal 32p to an acid-soluble form are shown in Figure 3 . After 90 minutes, 65 per cent of the 32p and none of the 3H had been released. The reaction had essentially stopped because part of the RNA annealed to a doublestranded form under the reaction conditions (Millward, unpublished observations). Since spleen phosphodiesterase hydrolyzes RNA from the 5'-to the 3'-terminal, this result means that, on the average, 65 per cent of the RNA strands from the 5'-terminals contain no 3H and provides strong evidence that the oxidation and reduction reaction was specific for the 3'-terminus.
(6) The oxidation of virus had to be performed under conditions sufficiently mild so as not to disrupt the virions. For example, periodate oxidation of reovirus destroys the infectivity,'9 although the site of inactivation is unknown. In the present work we have found that the oxidized virus is inactivated but, when sedimented to equilibrium in a CsCl gradient, is recovered at an average density of 1.39 gm/cm3 with unoxidized, infectious virus as a marker. We have concluded that the structural integrity of the oxidized virions is retained.
Discussion. The technique of periodate oxidation and 3H-borohydride reduction of virus described here is of general interest in virology since it provides a new means of examining the structure of ribonucleic acid within the virus particle. Specifically, we have shown that the double-stranded RNA genome of reovirus is not comprised of two continuous strands. There are approximately as many oxidizable 3'-terminals in this RNA inside the virion as in the frag- mented RNA after extraction from virus. This result is incompatible with the structure illustrated in Figure 2 (I). Moreover, the results indicate that these free 3'-terminals are not confined to only one of the two strands of a linear structure, but are distributed on both strands thus excluding the nicked-strand model shown in Figure 2(II) . Thus, the general model of the reovirus genome must be one in which both complementary strands of a duplex are covalently discontinuous. These discontinuities could be opposite each other in which case there might be no nucleotide interactions between the ten segments ( Fig. 2(IV) ; or the nicks on the complementary strands could be offset from each other (Fig. 2(III) . In the latter event the ten segments might be held together by overlapping, complementary, single-stranded tails. A choice between these two possibilities might be made by determining whether or not the segments of double-stranded RNA have single-stranded tails; we shall consider this question in a future report.
As yet the biological significance of the "segmented" genome is not easy to evaluate. In this respect, however, it should be mentioned that all doublestranded RNA viruses so far discovered have genomes of the reovirus type: wound tumor virus,2' cytoplasmic polyhedrosis virus,2' rice dwarf virus,22 and the blue tongue virus of sheep.23 The single-stranded RNA genomes of some viruses may also be comprised of discrete segments, for example, Rous sarcoma virus24 and influenza virus.2' Possibly, mixing of the segments could occur during viral replication and thus provide one mechanism for genetic variation and a selective advantage for survival of the virus. In fact, such a mixing of segments has been suggested to account for the high recombination frequencies of certain mutants of reovirus26 and of influenza virus.2Y A second possibility arises from the suggestion of Jacobson and Baltimore2' that mammalian cells may be able to initiate protein synthesis only at the beginning of a polycistronic message and not at intermediate points along the chain. Thus, in infected cells the polycistronic mRNA's of poliovirus, mengovirus, and Coxsackie virus are apparently translated into continuous protein chains which are subsequently cleaved into functional polypeptides.28-30 On the other hand, double-stranded RNA viruses could have adapted to the situation at the transcription level, with discontinuities in the genome providing initiation and termination signals for a series of monocistronic messages. There is evidence to suggest that this might be the case. Messenger RNA's in reovirus-infected cells correspond exactly in length to the RNA segments in the viral genome." 8 Certain of these messengers are approximately the right size to have been translated directly into the several structural protein units found in reovirus virions by Loh and Shatkin.3' This would mean that the lengths of virus-specific polypeptide chains are determined by the lengths of the genomic segments of the virus, a hypothesis that can be ultimately checked experimently.
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